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This application claims the benefit of Japanese Application No, 10-046481 filed February 
27, 1998, and Japanese Application No. 10-045541 filed Febraary 26, 1998, which are hereby 
incorporated by reference. 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to a manufacturing method for a single crystal of calcium 
fluoride with a large diameter (0 200 mm or greater) and superior optical properties, which can 
be used appropriately in an optical system as the lens and windows of various devices using KrF, 
ArF excuner lasers and Fj lasers (such as a stepper, CVD device, or nuclear fijsion device), and 
in particular, for photolithographic devices with a wavelength of 250 nm or less (such as 
photolithographic devices that utilize KrF, ArF excimer lasers and F2 lasers), and a single crystal 
of calcium fluoride for photolithography (a wavelength of 200 nm or less). 
Discussion of the Related Art 

Currently, VLSI has been experiencing increasingly higher mtegration and higher 
functionalization. In the field of theoretical VLSI, progress is being made on a "system on a 
chip" in which larger systems are loaded on a chip. Along mth this, microscopic processes and 
higher integration have been required for wafers, for example of silicon, which is the substrate. 
In photolithography, in which microscopic patterns of integrated circuits are exposed and 
transcribed on a wafer, for example of silicon, an exposing device called a stepper has been used. 

Using DRAM as an example of VLSI, recently, a capacity of 256 M or more has been 
realized and the width of the processed line has become very small (0,35 /xm or less). Therefore, 
the projection lens of the stepper, which is the key to photolithographic technology, requires 
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superior image fonnation performance (resolution, focal depth). 

The resolution and focal depth are determined by the wavelength of the light used for the 
exposure and the numerical aperture (NA) of the lens. When the exposure wavelength A is the 
same, smaller patterns have a larger angle of diffracting light, and therefore, unless the NA of the 
lens is large, the diffracting light cannot enter. In addition, the shorter the exposmg wavelength 
A, the smaller the angle of the diflfracting light, and therefore, a small NA for the lens is 
acceptable. 

The resolution and the focal depth are expressed in the following formulas: 

Resolution = kl * A/NA, and 

Focal depth = k2*A/(NA)' 

where kl and k2 are proportional constants. 

From the fonnulas above, it is understood that in order to unprove the resolution, it is 
desirable to increase the NA of the lens (to enlarge the diameter of the lens) or to shorten the 
exposure wavelength A. Shortening A is more advantageous from the point of view of the focal 
depth. 

First, the shortening of the wavelength of light is described. The exposure wavelength A 
has continued to become shorter, and steppers that use KrF excimer laser light (wavelength of 
248 nm) as the light source have appeared on the market There are very few optical materials 
that can be used for photolithography in the short wavelength range of 250 nm or less. There 
have been two kinds of materials, calcium fluoride and silica glass that have been used. 

Next, the enlargement of the diameter of the lens is described. Simply having a large 
diameter is not enough, A silica glass or a single crystal of calcium fluoride with superior optical 
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properties, such as uniforniity of the refractive index, is required. Here, an example of a 
manufacturing method for a single crystal of calcium fluoride from the prior art is described. A 
single crystal of calcium fluoride has been manufactured through the Bridgeman method 
(Stockburger method, crucible lowering method). In the case of a single crystal of calcium 
fluoride used in the range of ultraviolet or vacuum ultraviolet light, natural calcium fluoride is 
not used as the material. In general, a high-purity material produced through chemical synthesis 
is used. Although it is possible to use powdered material, in this case, there is significant mass 
reduction during fiising, and therefore, normally, half-fused products or the crushed form are 
used. 

First, a crucible filled with said material is placed in a growth device. Then, the inside of 
the growth device is maintained with a vacuumed atmosphere of lO^' to 10"* Pa. Next, the 
temperature inside the growth device is raised to the melting pomt of the calcium fluoride or 
higher, and the material inside the crucible is fiised. At this point, in order to prevent temporal 
changes of the temperature mside the growth device, the temperature is controlled by a constant 
electrical output or a high-precision FED control. 

At the stage of crystal growth, gradual crystaUization occurs from the bottom of the 
crucible by lowering the crucible at a speed of 0.1 to 5 mmAi. The crystal growth is finished at 
the point when it is crystalized to the top portion of the fused liquid. Then, it undergoes simple 
and gradual cooling, avoiding sudden cooling, so that the grown crystal (ingot) will not be 
cracked. When the temperature inside the growth device is reduced to room temperature, the 
device is released to the normal atmosphere and the ingot is removed. 

In the case of calcium fluoride for small-sized optical parts and windows where 
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uniformity is not required, after the ingot is cut out, it is processed to the final product via a 
process such as rounding. In the case of a single crystal of calcium fluoride used in, for 
example, the projection lens of a stepper, which requires high uniformity, simple annealing is 
applied to the mgot. Then, after it is cut and processed to the appropriate size for the product 
with a given purpose, further annealing is applied. 

In Patent Publication Tokukai Heisei 8 (1996)-5801, there is a disclosure of calcium 
fluoride for photolithography in which the optical path difierence due to double refraction in 
either direction of the 3 axes is 10 nm/cm, when it is used in the specific wavelength band of 350 
nm or less. The influence that the optical path difference imparts to the imaging performance of 
the optical system is expressed as a numerical value which is the multiple of the wavelength 
(such as X/10), and the smaller the coeflBcient, the smaller the influence. 

For example, with an optical path difference of 10 nm, when the wavelength X = 248 nm, 
the optical path difference becomes 10/248 = 0.040 X, and when X = 193 nm, the optical path 
difference becomes 10/193 == 0.052 X. In other words, even with the same optical path difference 
of 10 nm, the resuh is that a X of 193 nm has a greater effect and the imaging performance 
becomes worse. Therefore, for the projection lens of a stepper that be used with the next 
generation ArF excimer laser (wavelength of 193 nm), an optical path difference of 10 nm/cm is 
not adequate enough. Thus, calcixma fluoride with an even smaller optical path difference due to 
double refraction is required. 

Hereinafter, the optical path difference per unit length due to double refi:action is simply 
called double refraction. Also, m general, this double refraction is often called strain. This is 
because even if there is no double refraction in the material itself, double refraction is often 
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generated due to strmns. 

As described above, calcium fluoride is manufactured through the Bridgeman method. 
After calcium fluoride is grown through the Bridgeman method, the calcium fluoride is gradually 
cooled at a rate at which it will not crack (or to the extent that cutting is possible) and then it is 
taken out as an ingot. Sometimes, an ingot is directly cut to size for a given purpose, however, 
the greater the mass, the greater the double refraction and the nonuniformity of the refraction 
index. Therefore, said ingot is cut into multiple blocks and then goes through a further annealing 
process so that the quality is improved. 

From the point of view of productivity, in general, the period of this annealing process 
has, in the past, been one to two weeks. Therefore, the cooling speed during the cooUng stage, 
which takes a large percentage of the time of the entire annealing process, has been set to be 10 
to 5 "C/hour. However, a single crystal of calcium fluoride obtained through this type of 
annealing (thermal process) for a single crystal of calcium fluoride has problems in that the 
refractive index has poor uniformity and the double refraction is too large. Therefore, it is 
difficult to obtain a single crystal of calcium fluoride that can be used in an optical system for 
photolithography. In particular, the problem existed in which a single crystal of calcium fluoride 
with a large diameter (0 200 mm or greater) that could be used for photolithography with a 
wavelength of 250 nm or less could not be obtdmed. 

Accordingly, the present invention is directed to a manufacturing method for calcium 
fluoride and calcium fluoride that substantially obviates one or more of the problems due to the 
limitations and disadvantages of the related art. 



WAOlA/227263.2 



6 



Summary of the Invention 

An objective of the present invention is to provide a manufacturing method for a single 
crystal of calcium fluoride, which makes it possible to obtain a single crystal of calcium fluoride 
with a superior uniform refractive index and sufficiently small double refraction that can be used 
for the optical systems m photoUthography, and in particular a large diameter (0 200 mm or 
greater) single crystal of calcium fluoride with superior optical properties that can be used for 
photolithography with a wavelength of 250 nm or less by applying an annealing process to the 
single crystal of calcium fluoride. 

Another objective of the present invention is not only to obtain a large diameter (0 200 
mm or greater) single crystal of calcium fluoride with superior optical properties as described 
above, but also, to provide a manufacturing method for a single crystal of calcium fluoride in 
which the above-mentioned eflfect and productivity can be well-balanced. 

In addition, another objective of the present invention is to provide a single crystal of 
calcium fluoride for photolithography (wavelength of 200 nm or less). 

Additional features and advantages of the invention will be set forth in thp description 
which follows, and in part will be apparent firom the description, or may be learned by practice of 
the invention. The objectives and other advantages of the invention will be realized and attained 
by the structure particularly pointed out in the written description and claims hereof as well as the 
appended drawings. 

To achieve these and other advantages and in accordance with the purpose of the present . 
invention, as embodied and broadly described, in one aspect of the present invention there is 
provided a manufacturing method for a single crystal of calcium fluoride, having its optical 
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properties improved through an annealing process comprising the steps of providing a single 
crystal of calcium fluoride in a scalable container, sealing the container with a vacuum, then 
heating the container with a heater arranged external to the container such that a temperature 
inside the container is raised to a first temperature, which is lower than a melting point of the 
single crystal of calcium fluoride, maintmning the temperature inside the container at the first 
temperature for a designated period of time, lowering the temperature inside the contmner to 
room temperature, wherein, the first temperature is between 1020 **C to 1 150 ^C. 

In another aspect of the present invention, there is provided a manufacturing method for a 
single crystal of calcium fluoride having its optical properties improved comprising the steps of 
providing a single crystal of calcium fluoride and a fluorination agent in a second container 
arranged in a scalable first container, sealing the first container with a vacuum, then heating the 
first container with a heater arranged external to the first container such that a temperature inside 
the second container is raised to a first temperature, which is lower than a melting point of the 
single crystal of calcium fluoride, while the second container is filled with a fluorine gas 
atmosphere, maintaining the temperature inside the second container at the first temperature for a 
designated period of time, lowering the temperature inside the first container and the temperature 
inside the second container to room temperature, opening the inside of the first container to a 
normal atmosphere, wherein, the first temperature is between 1020 *C and 1150 °C. 

In another aspect of the present invention, there is provided a manufacturing method for a 
single crystal of calcium fluoride, having its optical properties improved comprismg the steps of • 
providing a single crystal of calcium fluoride in a scalable container, sealing the container with a 
vacuum, then heating the container with a heater arranged external to the container such that a 
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temperature inside the container is raised to a first temperature, which is lower than a melting 
point of the single crystal of calcium fluoride, maintaining the temperature inside the container at 
the first temperature for a designated period of time, lowering the temperature inside the 
container to room temperature, wherein, the container is filled with an inert gas, and the inside of 
the contamer is maintained at an atmosphere of appro^dmately 1 atm such that the single crystal 
of calcium fluoride is not oxidized. 

In another aspect of the present invention, there is proAaded a manufacturing method for a 
single crystal of calcium fluoride having its optical properties improved comprising the steps of 
providing a single crystal of calcium fluoride and a fluorination agent in a second container 
arranged m a scalable first container, sealing the first container with a vacuum, then heating the 
first container vnth a heater arranged external to the first contsuner such that the temperature 
inside the second contamer is raised to a first temperature, which is lower than a melting point of 
the single crystal of calcium fluoride, while the second container is filled with a fluorine gas 
atmosphere, maintaining the temperature inside the second container at the first temperature for a 
designated period of time, lowering the temperature inside the second cont^ner to room 
temperature, and opening the inside of the first contedner to a normal atmosphere, wherein, at a 
minimum, in order to prevent oxidation of the single crystal of calcium fluoride during the 
process, the process is carried out such that the fluorination agent is vaporized and becomes a 
fluorine gas atmosphere inside of the second container, while a pressure inside the first container 
is maintained at approximately I atm. 

In another aspect of the present invention, there is provided a manufacturing method for a 
single crystal of calcium fluoride, having its optical properties improved comprising the steps of 

WAOlA/227263.2 ^ 



providing a single crystal of calcium fluoride in a scalable container, sealing the container with a 
vacuum, then heating the container with a heater arranged external to the container such that a 
temperature inside the container is raised to a first temperature, which is lower than a meltmg 
point of the single crystal of calcium fluoride, maintmning the temperature inside the container at 
the first temperature for a designated period of time, lowering the temperature inside the 
container to room temperature, wherein, the first temperature, which is between 1020 X and 
1 150 °C, is lowered to a second temperature, which is in the range of around 600 °C to 900 "^C, 
at a rate of 1.2 "^C/hour or less. 

In another aspect of the present invention, there is provided a single crystal of calcium 
fluoride for photolithography, havmg a wavelength of 250 nm or less, with a diameter of 0 200 
mm or greater, with a double refiraction value, in the direction of the axis of light, that is 2 nm/cm 
or less. 

It is to be understood that both the foregoing general description and the following 
detailed description are exemplary and explanatory and are intended to provide fiirther 
explanation of the inventioa 

BRTEF DESrRTPTTQN OF THE ATTACHED DRAWINGS 

The accompanying drawings, which are included to provide a fiirther understanding of the 
invention and are incorporated m and constitute a part of this specification, illustrate 
embodiments of the invention and together with the description serve to explain the principles of 
the invention. 

In the drawings: 

FIG. 1 is a temporal graph that shows the schedule of the annealing process in the first 
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preferred embodiment; 

FIG. 2 is a temporal graph that shows the schedule of the annealing process in the second 
preferred embodiment; 

FIG. 3 is a temporal graph that shows the schedule of the annealing process in the first 
comparative example of the prior art; 

FIG. 4 is a temporal graph that shows the schedule of the annealing process in the tMrd 
preferred embodiment; 

FIG. 5 is a temporal graph that shows the schedule of the annealing process in the fourth 
preferred embodiment; and 

FIG. 6 is a temporal graph that shows the schedule of the annealing process of the second 
comparative example of the prior art. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The present invention provides a manufacturing method for a single crystal of calcium 
fluoride, having its optical properties improved through an annealing process in which a single 
crystal of calcium fluoride is contained in a scalable container, and the container is sealed and 
vacuumed, followed by, a process of heatmg with a heater arranged external to the container so 
that the temperature inside the cont^er is raised to a first temperature, which is lower than the 
melting point of the single crystal of calcium fluoride, a process by which the temperature inside 
the container is maintained at the first temperature for a designated period of time, and a process 
by which the temperature inside the container is lowered to room temperature, wherein, the 
maximum temperature of the aimealing process is set to be a first temperature within the range of 
1020 X to 1150 X. 
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The invention also provides a manufacturing method for a single crystal of calcium 
fluoride having its optical properties improved through an annealing process in which a second 
container containing a single crystal of calcium fluoride and a fluorination agent is arranged in a 
sealable first container, the first contmner is sealed, and the inside of the first contmner is 
vacuumed, follov^ed by, a process in which, by heating with a heater arranged external to the first 
container, the temperature inside the first container and/or the temperature inside the second 
contmner is raised to a first temperature, which is lower than the melting point of the single 
crystal of calcium fluoride, while the second container is filled with a fluorine gas atmosphere, a 
process in which the temperature inside the first container and/or the temperature inside the 
second contauier is maintained at the first temperature for a designated period of time, a process 
in which the temperature inside the first container and/or the temperature inside the second 
container is lowered to room temperature, and a process in which the inside of the first container 
is opened to a normal atmosphere, wherein, the maximum temperature of the annealing process 
is set to be a first temperature within the range of 1020 X to 1 150 °C. 

The invention also provides a manufacturing method for a single crystal of calcium 
fluoride, having its optical properties improved through an annealing process in which a single 
crystal of calcium fluoride is contained in a sealable container, and the cont^er is sealed and 
vacuumed, followed by, a process of heatmg with a heater arranged external to the contdner such 
that the temperature inside the container is raised to a first temperature, which is lower than the 
melting point of the single crystal of calcium fluoride, a process by which the temperature inside 
the container is maintained at the first temperature for a designated period of time, and a process 
by which the temperature mside the container is lowered to room temperature, wherein, a balance 
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between the effect of improving the optical properties of the single crystal of calcium fluoride 
and productivity (delivery time and cost) is achieved, such that, during the coolmg process in the 
high temperature range, in which there is a particularly great effect from the cooling speed on the 
improvement of the optical properties of the single crystal of calcium fluoride, the cooling is 
conducted with sufladent slowness. However, during the cooling process m the low temperature 
range (the range vAth. a lower temperature than the high temperature range), which has less of 
such an effect, the cooling is faster as the temperature gets lower. 

The invention also provides a manufacturing method for a single crystal of calcium 
fluoride, having its optical properties improved through an annealing process in which a single 
crystal of calcium fluoride is contained in a scalable contmner, and the container is sealed and 
vacuumed, followed by, a process of heating with a heater arranged external to the container such 
that the temperature inside the container is raised to a first temperature, which is lower than the 
melting point of the single crystal of calcium fluoride, a process by which the temperature inside 
the container is maintained at the first temperature for a designated period of time, and a process 
by which the temperature inside the container is lowered to room temperature, wherein, an 
annealing process is carried out by filling an mert gas in the container, and maintaining the 
atmosphere inside the container at 1 atm (or approximately 1 atm) in order to prevent oxidation 
of the single crystal of calcium fluoride during the annealing process. 

The invention also provides a manufacturing method for a single crystal of calcium 
fluoride having its optical properties improved through an annealing process in which a second 
container containing a single crystal of calcium fluoride and a fluorination agent is arranged in a 
scalable first container, the first container is sealed, and the inside of the first container is 
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vacuumed, followed by, a process in which, by heating with a heater arranged external to the first 
container, the temperature inside the first container and/or the temperature inside the second 
container is raised to a first temperature, which is lower than the melting point of the single 
crystal of calcium fluoride, while the second container is filled with a fluorine gas atmosphere, a 
process in which the temperature inside the first container and/or the temperature inside the 
second container is maintained at the first temperature for a designated period of time, a process 
in which the temperature inside the first container and/or the temperature inside the second 
container is lowered to room temperature, and a process in which the inside of the first container 
is opened to a normal atmosphere, wherein, at a minimum, in order to prevent oxidation of the 
single crystal of calcium fluoride during the annealing process, the annealing process is carried 
out such that, the fluorination agent is vaporized and becomes a fluorine gas atmosphere inside of 
the second contamer, while the pressure inside the first container is maintained at 1 atm (or 
approximately 1 atm). 

The invention also provides a manufacturing method for a single crystal of calcium 
fluoride having its optical properties improved through an annealing process in which, its 
maximum temperature during the annealing process is set to a first temperature which is within 
the range of 1020 to 1 150 °C, and which is maintained for a designated period of time, and its 
cooling speed for reaching a second temperature, which is in the range of (or around) 600 ''C to 
800 ""C, firom the first temperature is set to be 2 X/hour or less, or its cooling speed for reaching 
a second temperature, which is in the range of (or around) 700 ''C to 900 °C, fi'om the first 
temperature is set to be 2 °C/hour or less. 

The invention also provides a manufacturing method for a single crystal of calcium 
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fluoride, having its optical properties improved through an annealing process in which a single 
crystal of calcium fluoride is contmned in a sealable container, and the container is sealed and 
vacuumed, followed by, a process of heating with a heater arranged external to the container so 
that the temperature inside the container is r^sed to a first temperature, which is lower than the 
melting point of the smgle crystal of calcium fluoride, a process by which the temperature inside 
the container is maintained at the first temperature for a designated period of time, and a process 
by which the temperature inside the container is lowered to room temperature, wherein, the 
maximum temperature of the annealing process is set to be a first temperature withm the range of 
1020 "C to 1150 "C, and the cooling speed for reaching a second temperature, which is in the 
range of (or around) 600 "C to 800 X firom the first temperature, is set to be 2 °C/hour or less, 
or the cooling speed for reaching a second temperature, which is in the range of (or around) 700 
"C to 900 °C firom the first temperature, is set to be 2 °C/hour or less. 

The invention also provides a manufacturing method for a single crystal of calcium 
fluoride having its optical properties improved through an annealing process in which a second 
container containing a single crystal of calcium fluoride and a fluorination agent is arranged in a 
sealable first contamer, the first container is sealed, and the inside of the first container is 
vacuumed, followed by, a process in which by heating with a heater arranged external to the first 
contdner, the temperature inside the first container and/or the temperature inside the second 
container is reused to a first temperature, which is lower than the melting point of the single 
crystal of calcium fluoride, while the second container is filled with a fluorine gas atmosphere, a 
process in which the temperature inside the first container and/or the temperature inside the 
second container is maintained at the first temperature for a designated period of time, a process 
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in which the temperature inside the first container and/or the temperature inside the second 
container is lowered to room temperature, and a process in which the inside of the first container 
is opened to a normal atmosphere, wherein, the maximum temperature of the annealing process 
is set to be a first temperature Avithin the range of 1020 X to 1 1 50 X, and the cooling speed for 
reaching a second temperature, which is in the range of (or around) 600 ""C to 800 °C firom the 
first temperature, is set to be 1.2 °C/hour or less, or the cooling speed for reaching a second 
temperature, which is in the range of (or around) 700 X to 900 ^'C firom the first temperature, is 
set to be 1,2 ""C/hour or less. 

The invention fijrther provides a method of manufacturing for a single crystal of calcium 
fluoride for photolithography (a wavelength of 250 nm or less) with a large diameter (0 200 mm 
or greater) wherein the double refraction value, in the direction of the axis of light, is 2 mn/cm or 
less. 

For the annealing process that is conducted in order to improve the optical properties of a 
single crystal of calchim fluoride (such as reducing double refraction), not only are the kind of 
device and atmosphere that are utilized important, but also the type of schedule that is used 
becomes an important point. For example, it is essential for schedules to include what the 
maximum temperature in degrees "C of the annealmg should be, how long it should take to 
increase the temperature from room temperature to the maximum temperature, how long the 
maximum temperature should be mdntjuned, and then how long it should take to cool to room 
temperature. 

Therefore, after the present inventor's diligent research, it was found that 1020 "C to 
1 150 X is the optimum maximum temperature. In other words, when the maximum 
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temperature is 1 150 or greater, defects, which become the cause of scattering, are easily 
generated inside the calcium fluoride. When the maximum temperature is 1020 °C or less, the 
annealing effect to improve the optical properties is not sufficient. Therefore, the manufacturing 
method of the present invention has the maximum temperature of the annealing process set to be 
a designated temperature (first temperature) within the range of 1020 ""C to 1 150 

Therefore, with the present invention, it is possible to obtain a single crystal of calcium 
fluoride with a uniform refractive index and sufficiently small double refraction, which can be 
used in an optical system for photolithography, and in particular, it is possible to obtain a smgle 
crystal of calcium fluoride with a large diameter (0 200 mm or greater) having desirable optical 
properties, that can be used for photolithography vnth a wavelength of 250 nm or less. 

For example, approximately 24 hours is adequate for the period of time that said 
maximum temperature should be maintamed, however, it is desirable that as the diameter and 
mass of the processed object (single crystal of calcium fluoride) increases, the period also 
increases. The heating speed from room temperature to the maximum temperature can be set to 
the extent that there are no adverse effects on the processed object (single crystal of calcium 
fluoride) due to the thermal shock. 

Next, the cooling process after the maximum temperature is maintained for the 
designated period of time, as mentioned above, is described. This process is particularly 
important in order to improve the optical properties of the processed object (single crystal of 
calcium fluoride). In other words, the slower the cooling speed, the greater the effect of the 
improvement on the optical properties. However, when the cooling speed is too quick, an 
adequate effect cannot be obtained. Therefore, in the manufacturing method of the present 
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invention, the cooling speed from said maximum temperature (first temperature) to room 
temperature is set to be 2 °C/hour or less. 

The present inventors discovered that the cooling speed in the high temperature range 
from the maximum temperature to the designated temperature (second temperature), which is in 
the range of (or around) 600 °C to 800 °C, or in the range of (or around) 700 X to 900 °C, in 
particular, imparts a great effect on the optical properties of the processed object (single crystal 
of calcium fluoride). Therefore, in the manufacturing method of the present invention, the 
cooling speed from said maximum temperature (first temperature) to a designated temperature 
(second temperature), which is in the range of (or around) 600 ^'C to 800 °C, or in the range of 
(or around) 700 ^'C to 900 °C, is set to be 2 °C/hour or less. With the present invention, it is 
possible to obtain a single crystal of calcium fluoride with a large diameter ( 0 200 nam or 
greater) having extremely superior optical properties, that can be used for photolithography with 
a wavelength of 250 nm or less. 

The length of the cooling period imparts a great effect on productivity (delivery time and 
cost), and therefore, from this point of view, it is desirable to have as short a cooling period as 
possible. Thus, the present inventors ha5 created a balance between the effect of improving the 
optical properties of the processed object (single crystal of calcium fluoride) and productivity, 
such that, during the cooling process m the high temperature range, for which there is a 
particularly great effect from the cooling speed on the improvement of the optical properties of 
the processed object (single crystal of calciimi fluoride), the cooling is conducted with sufficient , 
slowness as described above. However, during the cooling process in the low temperature 
ranges, which has less of such an effect, it is cooled faster as the temperature gets lower. More 
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precisely, in the manufacturing method of the present invention, during the cooling process in the 
high temperature range, which is from said designated temperature (first temperature) to another 
designated temperature (second temperature), which is in the range of (or around) 600 °C to 800 
"C or 700 "C to 900 °C, the cooling speed is set to be 2 ''C/hour or less, and during the cooling 
process in the low temperature range, wMch is from said designated temperature (second 
temperature) to room temperature, the cooUng speed is set to be 5 °C/hour or less. Therefore, 
with the present mvention, not only can a single crystal of calcivmi fluoride with a large diameter 
(0 200 mm or greater) ha^^ng superior optical properties be obtamed by said effect, but also, said 
effect and productivity are balanced. 

As described above, for the annealing process for a large diameter calcium fluoride (0 
200 mm or greater), it is important to cool very slowly (coolmg speed: 2 "C/hour or less) during 
the cooling process in the high temperature range, because there is a very large effect on the 
improvement of the optical properties of the processed object (single crystal of calcium fluoride) 
due to the cooling speed. For example, as described in a comparative example later, the cooling 
is carried out from the maximum temperature to 900 "C (high temperature range) with the overly 
fast speed of 3 °C/hour, and calcium fluoride with superior optical properties could not be 
obtained. 

Also, for the later cooling process in the low temperature range, sudden cooling should be 
avoided. It is preferable to make a single process (a cooling speed) into multiple stages (two or 
more cooling speeds) during the cooling process in the high temperature range and/or low 
temperature range (in particular the cooling process at high temperatures), as the processed object 
(single crystal of calcium fluoride) becomes larger. 

19 
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In other words, it is preferable to subdivide (add one, or two or more cooling processes at 
a speed which is lower than a cooling speed during a single stage) the cooling process in the high 
temperature range and/or low temperature range (in particular, the cooling process at high 
temperatures) as the processed object (single crystal of calcium fluoride) becomes larger, to the 
extent that productivity can be adequately upheld. In this case, along with the increase in the 
number of subdivisions, the entire high temperature range and/or low temperature range can be 
expanded. 

In addition, as the processing object (single crystal of calcium fluoride) becomes larger, it 
is preferable that the temperature range in which the second temperature is included is raised 
(shifted to a higher temperature) and the temperature range is narrowed to the extent that the 
productivity can be sufficiently maintained. For example, as the processed object (single crystal 
of calcium fluoride) becomes larger, it is preferable to change the temperature range of 600 °C to 
800 °C or the range of (or around) 700 "C to 900 "C, in which the second temperature is 
included, to a higher or narrower range such as 650 X to 850 X, 750 X to 950 X, 700 X to 
800 X, 800 X to 900 X, 800 X to 850 X, 850 X to 900 X. or 900 X to 950 X, to the 
extent that productivity can be sufficiently maintained. 

Alternatively, as the processed object (single crystal of calcmm fluoride) becomes larger, 
it is preferable to appropriately use together some conditions such as the subdivisions of the 
cooling process, expansion or reduction of the temperature range in which the second 
temperature is mcluded, and the shiffing of each temperature range to a higher temperature, to th 
extent that productivity can be sufficiently maintained. By having said structure, even if the 
processed object (single crystal of calcium fluoride) is further enlarged, not only can a single 
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crystal of calcium fluoride with a large diameter having superior optical properties, which can be 
used for photolithography with a wavelength of 250 mn or less, be obtdned, but also productivity 
can be sufficiently mamtained. 

The manufacturing method of the single crystal of calcium fluoride of the present 
invention is effective for obtmning a single crystal of calcium fluoride with a large diameter (0 
200 mm or greater) and a double refraction value in the direction of the ajds of light of 2 nm/cm 
or less, which can be used in an optical system for photolithography with a wavelength of 250 
nm or less. Furthermore, the manufacturing method of the single crystal of calcium fluoride of 
the present invention is effective for obtaining a single crystal of calcium fluoride with a large 
diameter (0 200 mm or greater) and a double refraction value in the off-axis direction 
perpendicular to the axis of light of 5 nm/cm or less, which can be used in an optical system for 
photolithography with a wavelength of 250 nm or less. 

The manufacturing method of the single crystal of calcium fluoride of the present 
invention is effective for obtaining a single crystal of calcium fluoride with a large diameter (0 
200 mm or greater) that can be used in an optical system for photohthography with a wavelength 
of 250 nm or less. In addition, the manufacturing method of the single crystal of calcium 
fluoride of the present invention is effective for obtaining a single crystal of calcium fluoride 
with a large diameter (0 200 mm or greater) and a difference in the refractive index au of 2 x lO"* 
or less that can be used in an optical system for photolithography with a wavelength of 250 nm o: 
less. 

As described above, calcium fluoride with a small double refraction, which has not been 
possible for calcium fluoride of 0 200 mm or greater, becomes possible with the present 
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invention. Therefore, calcium fluoride that can be used in practice for photolithography (with a 
wavelength of 250 nm or less) can be supplied. In addition, the uniformity of the refractive index 
has reached adequate uniformity. Namely, in the past, a single crystal of calcium fluoride with a 
large diameter (0 200 mm or greater) and a small double refraction value for photolithography 
(wavelength of 250 nm or less), could not be obtained, however, it is now possible to 
manufacture such a crystal with the present invention. 

The measurement of the double refraction for a material (calcium fluoride) with a 
diameter of 200 mm and a thickness of 50 mm was carried out in the direction perpendicular to 
the plane (heremafter referred to as the direction of the axis of light) and in the direction 
perpendicular to that (hereinafl;er referred to as the off-axis direction). There was a rotation of 
360 degree in the oflf-axis direction, however, when the measurement was carried out, it was 
found that they had approximately the same value. In addition, it was found that the one in the 
off-axis direction had twice the optical path difference per unit length than the one in the 
direction of the axis of light. 

It is preferable that the manufacturing device used for the present invention, to obtain 
calcium fluoride with superior optical properties with annealing, is comprised of a container to 
surround the processed object (calcium fluoride) and a heatmg device external to it. In addition, 
it is desirable for the processed object (calcium fluoride) to not experience an unevenness in 
temperature during the annealing process. 

An atmosphere of inert gas, a vacuum atmosphere or a fluorine atmosphere is used for the - 
atinosphere during tiie annealing process because the oxidation reaction of calcium fluoride 
progresses in an ordinary atinosphere at 700 °C or greater. In addition, it is desirable to set the 
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pressure inside said container or the first container to be 1 atm (or approximately 1 atm), which is 
equivalent (or approximately equivalent) to the normal atomospheric pressure so that a single 
crystal of calcium fluoride for photolithography (wavelength of 250 nm or less) can be obtained 
with stability. This is because it prevents deformation and destruction of the annealing contaner 
(a sealable contamer or first container) due to the difference between the normal atmospheric 
pressure (outside of the container) and the pressure inside the container under high temperature 
conditions. 

The present invention is described in detatt using embodiments as follows, however, the 
present invention is not limited to these examples. 
First Preferred Embodiment 

The manufacturing device of the present embodiments, having the purpose of obtaining 
calcium fluoride with superior optical properties using an annealing process, is comprised of a 
sealable first contamer (stainless container) that is sealed and vacuumed after a single crystal of 
calcium fluoride to be annealed is placed in it, a second container (carbon contamer) with the 
single crystal of calcium fluoride and a fluorination agent placed in it, which is arranged in said 
first container, a vacuuming system connected to said first container and a heater arranged 
external to said first container. 

Using this device, a single crystal of calcium fluoride with a large diameter (0 200 mm or 
greater) having superior optical properties that can be used for photolithography with a 
wavelength of 250 nm or less was obtained by annealing calcium fluoride with a size of 02OO 
mm X 50 mm with the following schedule. As shown in Fig. 1, the entire process takes 
approximately 13 days. 
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TABLE 1 



Temperature schedule 


Speed of temperature 
change 


Required time 


20 - 1050 °C 




21 h 


1050 - 1050 "C 




24 h 


1050 - 900 X 




75 h 


900 - 20 ''C 


5 °C/h 


176 h 



In other words, with the manufacturing method of the present embodiment, the maximum 
temperature of the annealing was set to be 1050 ""C (first temperature within the range of lOZO^'C 
to 1 150 °C) and maintained for a designated period of time (24 hours). During the cooUng 
process in the high temperature range from said first temperature to 900 ^^C (second temperature 
in the range of 600 °C to 800 X or in the range of 700 X to 900 °C), the cooling speed was set 
to be 2 ""C/hour (2 ^'C/hours or less). In addition, during the cooling process in the low 
temperature range, firom smd second temperature to room temperature, the cooling speed was set 
to be 5 X/hour (5 X/hour or less). 

The double refi-action and the uniformity of the refi-active index of the manufactured 
single crystal of calcium fluoride was measured. The maximum value of the double refiraction 
(in the direction of the axis of light) was 1.5 nm/cm and the ofF-axis strain (double refi-action in 
the off-axis direction) was 5 nm/cm. In addition, the uniformity of the refi-active index was An = 
1 .2E-6, and the RMS (root mean square) after spherical adjustment was 70E - 4A (A = 632.8 nm). 
It had highly superior optical properties that can be used for photolithography with a wavelength 
of 250 nm or less. 
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In the present embodiment, because the cooling speed during the cooling process in the 
high temperature range has a particularly great effect on the improvement of the optical 
properties of the processed object (single crystal of calcium fluoride) cooling was conducted in 
the high temperature range with sufficient slowness. During the cooling process at the low 
temperature range, which has less of such an effect, the cooling was accelerated when the 
temperature decreased. Therefore, a balance between the efifect of improving the optical 
properties of the processed object (single crystal of calcium fluoride) and productivity was 
achieved. 

Therefore, with the present embodiment, it is possible to obtain a single crystal of 
calcium fluoride with a uniform refractive index and sufficiently small double refraction, which 
can be used in an optical system for photolithography. Not only is it possible to obtain a single 
crystal of calcium fluoride with a large diameter (0 200 mm or greater) having superior optical 
properties, which can be used in particular for photolithography with a wavelength of 250 nm or 
less, but also productivity can be adequately maintained. 
Second Preferred Embodiment 

Using the same device as in the first embodiment, a single crystal of calcium fluoride 
with a large diameter (0 200 mm or greater) having superior optical properties, which can be 
used for photolithography with a wavelength of 250 nm or less, was manufactured by annealing 
calcium fluoride with a size of 0 210 mm x 52 mm, with the following schedule. As shown in 
Fig, 2, the entire process takes approximately 25 days. 
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TABLE 2 



Temperature schedule 


Speed of temperature 
change 


Required time 


20 - 1080 °C 


30 °C/h 


35 h 


1080 - 1080 X 




36 h 


1080 - 800 "C 


1 "C/h 


280 h 


800 - 20 "C 


3 "C/h 


260 h 



In other words, with the manufacturing method of the present embodiment, the maxunum 
temperature was set to be 1080 °C (first temperature in the range of 1020 °C to 1 150 °C) and it 
was maintained for a designated period of time (36 hours). During the cooling process in the 
high temperature range from said first temperature to 800 °C (second temperature in the range of 
600 "C to 800 °C or in the range of 700 °C to 900 °C), the cooUng speed was set to be 1 ° C/h (2 
"C/h or less). During the cooling process in the low temperature range fi-om said third 
temperature to room temperature, the cooling speed was set to be 3 "C/h (5 °C/h or less). 

The double refi-action and the uniformity of the refi-active index of the manufactured 
single crystal of calcium fluoride were measured. The maximum value of the double refi:action 
(in the direction of the axis of light) was 1.8 nm/cni and the ofif-axis strain (double refiraction in 
the off-axis direction) was 4 nm/cm. In addition, the uniformity of the refiractive index was An = 
1.8E-6, and the RMS (root mean square) after spherical adjustment was 58E - 4X (A = 632.8 mn). 
It had highly superior optical properties, which can be used for photolithography with a 
wavelength of 250 mn or less. 

In the present embodiment, because the cooling speed during the cooling process in the 
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high temperature range has a particularly great effect on the improvement of the optical 
properties of the processed object (single crystal of calcium fluoride), cooling was conducted in 
the high temperature range with sufficient slowness. During the cooling process in the low 
temperature ranges, which has less of such an effect, the cooling was accelerated when the 
temperature decreased. Therefore, a balance between the effect of improving the optical 
properties of the processed object (single crystal of calcium fluoride) and producti\dty was 
achieved. 

Therefore, with the present embodiment, it is possible to obtmn a single crystal of 
calcium fluoride with a uniform refractive index and a sufficiently small double refraction, which 
can be used for photolithography. Not only is it possible to obtain a single crystal of calcium 
fluoride with a large diameter (0 200 mm or greater) having superior optical properties, which 
can be used in particular for photolithography with a wavelength of 250 nm or less, but also 
productivity can be adequately m^tained. 
First Comparative Example 

Using the same device as in the first embodiment, a single crystal of calcium fluoride was 
manufactured by annealing calcium fluoride with a size of 0 200 mm x 50 mm with the 
following schedule. As shown in Fig. 3, the entire process takes approximately 12 days. 
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TABLE 3 



Temperature schedule 


Speed of temperature 
change 


Required time 


20 -> 1050 °C 


50 *C/h 


21 h 


1050 -> 1050 °C 




24 h 


1050 - 900 "C 


3 °C/h 


50 h 


900 - 20 


5 °C/h 


176 h 



In other words, in the manufacturing method of the present comparative example, the 
maximum temperature of the annealing was set to be 1050 °C and it was maintained for a 
designated period of time (24 hours). Then it was cooled at a speed of 3 °C/h to 900 °C. Then 
from 900 °C to room temperature, the cooling speed was set to be 5 ""C/h in order to have better 
productivity. 

The double refraction and the uniformity of the refractive index of the manufactured 
single crystal of calcium fluoride was measured. The maximum value of the double refraction 
(in the direction of the axis of light) was 3.2 mn/cm and the off-axis strain (double refraction in 
the off-axis direction) was 16 nm/cm, Therefj^e, it did not possess optical properties that could 
be used for photolithography with a wavelength of 250 nm or less. Namely, in the present 
comparative example, during the cooling process in the high temperature range, which has a very 
large effect on the improvement of the optical properties of the processed object (single crystal of 
calcium fluoride) due to the cooling speed, cooling was carried out so fast that a single crystal of 
calcium fluoride with superior optical properties that could be used for photolithography with a 
wavelength of 250 nm or less could not be obtained. 
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As described above, with the present invention, a single crystal of calcium fluoride with 
superior uniformity of the refractive index and a sufficiently small double refraction, which can 
be used in an optical system for photolithography can be obtained. In particular, a single crystal 
of calcium fluoride with a large diameter (0 200 mm or greater) having superior optical 
properties, which can be used for photoUthography with a wavelength of 250 mn or less can be 
obtained. In addition, with the present invention, not only can a smgle crystal of calcium fluoride 
with a large diameter (0 200 mm or greater) having superior optical properties be obtained, but 
also productivity can be sufiidently maintained. 

With the present invention, calcium fluoride with a small double refraction, which has 
been impossible in the past for a large calcium fluoride of 0 200 mm or greater, can be obtained. 
Therefore, calcium fluoride that can be used in practice for photolithography (wavelength of 200 
nm or less) can be supplied. In addition, the uniformity of the refractive index has reached a 
sufficient uniformity. The period of time required for the annealing process is 2 to 4 weeks. This 
period of time is not a problem for production, and costs can be maintained at a minimum. 

Next will be considered a manufacturing process whereby it is possible to obtain a single 
crystal of calcium fluoride with a uniform refractive index and sufficiently small double 
refraction, which can be used m an optical system for photolithography, and in particular, it is 
possible to obtain a single crystal of calcium fluoride with a large diameter (0 230 mm or greater) 
having desirable optical properties, that can be used for photolithography with a wavelength of 
250 nm or less. 

It is desirable if the period of time that the maximum temperature, as described above, is 
maintained is longer when the diameter and mass of the processed object (single crystal of 
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calcium fluoride) is greater. For example, when a single crystal of calcium fluoride with 0 230 
mm or greater and a thickness of 50 mm or greater is annealed, it is desirable to have the 
maintenance time be 48 hours or greater. The heating speed from room temperature to the 
maximum temperature can be set to the extent that there are no adverse effects on the processed 
object (single crystal of calcium fluoride) due to the thermal shock. 

Next, the cooling process after the maximum temperature is mdntained for the 
designated period of time, as mentioned above, is described. This process is particularly 
important in order to improve the optical properties of the processed object (single crystal of 
calcium fluoride). In other words, the slower the cooling speed, the greater the effect of 
improvement on the optical properties. However, when the cooling speed is too quick, an 
adequate effect cannot be obtained. 

The present inventors discovered that the cooling speed in the high temperature range 
from the maximum temperature to a designated temperature (second temperature), which is in 
the range of (or around) 600 "C to 800 "C, or in the range of (or around) 700 X to 900 "C, in 
particular, imparts a great effect on the optical properties of the processed object (single crystal 
of calcium fluoride). Therefore, in the manufacturing method of the present invention, a single 
crystal of calcium fluoride with improved optical properties is manufactured by maintaining it at 
the maximum temperature of the annealing process, which is a designated temperature (first 
temperature) and which is m the range of 1020 X to 1 150 X, for a designated period of time, 
and then during the cooling process in the high temperature range, from said designated 
temperature (first temperature) to a designated temperature (second temperature), which is in the 
range of (or around) 600 "C to 800 °C, or in the range of (or around) 700 °C to 900 "C, the 
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cooling speed is set to be 1.2 °/hour or less. Therefore, with the present invention, it is possible 
to obtain a single crystal of calcium fluoride with a uniform refractive index and sufficiently 
small double refraction, which can be used in an optical system for photolithography, and in 
particular, it is possible to obtain a single crystal of calcium fluoride with a large diameter (0 230 
mm or greater) having desirable optical properties, that can be used for photolithography with a 
wavelength of 250 nm or less. 

The length of the cooling period unparts a great effect on productivity, and therefore, 
from this point of view, it is desirable to have as short a cooling period as possible. Thus, the 
present inventors has created a balance between the effect of improving the optical properties of 
the processed object (single crystal of calcium fluoride) and productivity, such that, during the 
cooling process in the high temperature range, for which there is a particularly great effect from 
the cooling speed on the improvement of the optical properties of the processed object (single 
crystal of calcium fluoride), the cooling is conducted with sufficient slowness as described 
above. However, during the cooling process in the middle and low temperature ranges, which 
has less of such an effect, it is cooled faster as the temperature gets lower. 

In other words, during the cooling process in the middle temperature range, which is from 
said designated temperature (second temperature) to another designated temperature (third 
temperature), which is in the range of (or around) 400 "^C to 500 °C or 500 °C to 600 X, the 
cooling speed is set to be 3 °C/hour or less, and during the cooling process in the low 
temperature range, which is from said designated temperature (third temperature) to room 
temperature, the cooling speed is set to be 5 ^'C/hour or less. Therefore, with the present 
invention, not only can a single crystal of calcium fluoride with a large diameter (0 230 mm or 
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greater) having superior optical properties be obtained by said effect, but also, said effect and 
productivity are balanced. 

As described above, for the annealing process for a large diameter calcium fluoride (0 
230 nun or greater), it is important to cool very slowly (cooling speed: 1.2 °C/hour or less) 
during the coolmg process in the high temperature range, because there is a very large effect on 
the improvement of the optical properties of the processed object (single crystal of calcium 
fluoride) due to the cooling speed. Even for the cooling process in the middle and low 
temperature ranges, it is better to avoid sudden cooling. For example, as described in a 
comparative example later, even if cooling is carried out from the maxhnum temperature to 900 
°C (high temperature range) at a speed of 0.7 ^'C/hour, if it is then cooled (middle and low 
temperature range) with the overly fast speed of 5 ^'C/hour, calcium fluoride with superior optical 
property caimot be obtained. 

It is preferable to make a single process (cooling speed) into multiple stages (two or more 
cooling speeds) during the cooling process in the high temperature range and/or middle 
temperature range (in particular the cooling process at high temperatures), as the processed object 
(single crystal of calcium fluoride) becomes larger. In other words, it is preferable to subdivide 
(add one, or two or more cooling processes at a speed which is lower than the cooling speed 
during a single stage) the cooling process in the high temperature range and/or middle 
temperature range (in particular, the cooling process at high temperatures) as the processed 
object (single crystal of calcium fluoride) becomes larger, to the extent that productivity can be 
adequately maintained. In this case, along with the increase in the number of subdivisions, the 
entire high temperature range and/or middle temperature range can be expanded. 
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In addition, as the processing object (single crystal of calcium fluoride) becomes larger, it 
is preferable that the temperature ranges in which the second and third temperatures are included 
are raised (shifted to a higher temperature) and the temperature ranges are narrowed to the extent 
that the productivity can be sufficiently maintained. For example, as the processed object (single 
crystal of calcium fluoride) becomes larger, it is preferable to change the temperature range of 
600 to 800 °C or the range of (or around) 700 °C to 900 °C, in which the second temperature is 
included, to a higher or narrower range such as 650 X to 850 X, 750 X to 950 "C, 700 °C to 
800 X, 800 X to 900 °C, 800 °C to 850 °C, 850 X to 900 X, or 900 X to 950 X, to the 
extent that productivity can be sufficiently maintained. 

Alternatively, as the processed object (single crystal of calcium fluoride) becomes larger, 
it is preferable to appropriately use together some conditions such as the subdivisions of the 
cooling process, expansion or reduction of the temperature ranges in which the second and third 
temperature are included, and the shiftmg of each temperature range to a higher temperature, to 
the extent that productivity can be sufficiently upheld. By having said structure, even if the 
processed object (single crystal of calciimi fluoride) is further enlarged, not only can a single 
crystal of calcium fluoride vnth a large diameter havmg superior optical properties, which can be 
used for photolithography with a wavelength of 250 nm or less, be obtained, but also productivity 
can be sufficiently maintained. 

The manufacturing method of the single crystal of calcium fluoride of the present 
invention is effective for obtaining a single crystal of calcium fluoride with a large diameter (o 
230 mm or greater) that can be used in an optical system for photolithography with a wavelength 
of 250 nm or less (in particular, a wavelength of 200 nm or less). In addition, the manufacturing 
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method of the single crystal of calcium fluoride of the present invention is effective for obtaining 
a single crystal of calcium fluoride with a large diameter (0 230 mm or greater) and a diflference 
in the refractive index An of 2 x 10** or less that can be used in an optical system for 
photolithography with a wavelength of 250 nm or less (in particular, a wavelength of 200 mn or 
less). 

Moreover, the manufacturing method of the single crystal of calcium fluoride of the 
present invention is effective for obtaining a smgle crystal of calcium fluoride with a large 
diameter (0 230 mm or greater) and a double refraction value in the direction of the axis of light 
of 2 nm/cm or less, which can be used in an optical system for photolithography with a 
wavelength of 250 nm or less (in particular, a wavelength of 200 nm or less). 

Furthermore, the manufacturing method of the single crystal of calcium fluoride of the 
present invention is eSective for obtaining a single crystal of calcium fluoride with a large 
diameter (0 230 mm or greater) and a double refraction value in the off-axis direction 
perpendicular to the axis of light of 5 nm/cm or less, which can be used in an optical system for 
photolithography with a wavelength of 250 nm or less (in particular, a wavelength of 200 nm or 
less). 

As described above, calcium fluoride with a small double refraction, which could not be 
achieved with calcium fluoride of 0 230 mm or greater, becomes possible with the present 
invention. Therefore, calcium fluoride that can be used in practice for photolithography (with a 
wavelength of 250 imi or less, and m particular, a wavelength of 200 nm or less) can be supplied. 
In addition, the uniformity of the refractive index has reached adequate uniformity. Namely, in 
the past, a single crystal of calcium fluoride with a large diameter (0 230 mm or greater) and a 
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small double refraction value for photolithography (wavelength of 200 nm or less) could not be 
obtained, however, it is now possible to manufacture such a crystal with the present invention. 

The measurement of the double refraction for a material (calcium fluoride) with a 
diameter of 250 mm and a thickness of 60 mm was carried out in the direction perpendicular to 
the plane (hereinafter referred to as the direction of the axis of light) and in the direction 
perpendicular to that (hereinafter referred to as the off-axis direction). There was a rotation of 
360 degree in the off-axis direction, however, when the measurement was carried out it was 
found that they had approximately the same value. In addition, it was found that the one in the 
off-axis direction had twice the optical path difference per unit length than the one in the 
direction of the axis of light. 

It is preferable that the manufacturing device used for the present invention, in order to 
obtain calcium fluoride with superior optical properties with annealing, is comprised of a 
container to surround the processed object (calcium fluoride) and a heating device external to it. 
In addition, it is desirable for the processed object (calcium fluoride) to not experience an 
unevenness in temperature during the annealing process. An atmosphere of inert gas, a vacuum 
atmosphere or a fluorine atmosphere are used for the atmosphere during the annealing process, 
because the oxidation reaction of calcium fluoride progresses in an ordinary atmosphere at 700 
°C or greater. 

The present invention is described in detail using embodiments as follows, however, the 
present invention is not limited to these examples. 
Third Preferred Embodiment 

The manufacturing device of the present embodiments, having the purpose of obtaining 
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calcium fluoride with superior optical properties using an annealing process, is comprised of a 
sealable first cont^er (stmnless container) that is sealed and vacuumed after a single crystal of 
calcium fluoride to be annealed is placed in it, a second container (carbon container) with the 
single crystal of calcium fluoride and a fluorination agent placed in it, which is arranged in said 
first contdner, a vacuuming system connected to said first container and a heater arranged 
external to said first contdnen 

Using this device, a single crystal of calcium fluoride with a large diameter (0 230 mm or 
greater) having superior optical properties that can be used for photolithography with a 
wavelength of 250 nm or less was obtained by annealing calcium fluoride with a size of 0240 
mm X 50 mm with the following schedule. As shown in Fig. 4, the entire process takes 
approximately 24 days. 



TABLE 4 



Temperature schedule 


Speed of temperature 
change 


Required time 


20 - 1080 °C 


40°C/h 


27 h 


1080 - 1080 X 




48 h 


1080 - 750 °C 


1.2 "C/h 


275 h 


750 - 500 "C 


2"C/h 


125 h 


500 - 20 °C 


5 °C/h 


96 h 



In other words, with the maaufacturing method of the present embodiment, the maximum 
temperature of the annealing was set to be 1080 "C (first temperature within the range of 1020 
X to 1 150 °C) and maintained for a designated period of time (48 hours). During the cooling 
process in the high temperature range from said first temperature to 750 °C (second temperature 
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in the range of 600 °C to 800 °C or in the range of 700 °C to 900 X), the cooling speed was set 
to be 1,2 "C/hour (L2 "C/hours or less). 

In addition, during the cooling process in the medium temperature range, from said 
second temperature to 500 X (third temperature in the range of 400 *'C to 500 X or 500 "^C to 
600 ""C), the cooling speed was set to be 2 °C/hour (3 °C/hour or less) and during the cooling 
process in the low temperature range, from said third temperature to room temperature, the 
cooling speed was set to be 5 **C/hour (5 "^C/hour or less). 

The double refraction and the uniformity of the refractive index of the manufactured 
single crystal of calcium fluoride was measured. The maximum value of the double refraction 
(in the direction of the axis of light) was L7 nm/cm and the oflf-axis strain (double refraction in 
the oflf-axis direction) was 4 nm/cm. In addition, the uniformity of the refractive index was An = 
1.8E-6, and the RMS (root mean square) after spherical adjustment was 65E - 4A (A = 632.8 nm). 
It had highly superior optical properties that can be used for photolithography with a wavelength 
of 250 nm or less (in particular, a wavelength of 200 nm or less). 

In the present embodiment, because the cooling speed during the cooling process in the 
high temperature range has a particularly great effect on the improvement of the optical 
properties of the processed object (single crystal of calcium fluoride), cooling was conducted in 
the high temperature range with suflficient slowness. During the cooling process at the middle 
and low temperature ranges, which has less of such an effect, the cooling was accelerated when 
the temperature decreased. Therefore, a balance between the effect of impro\ing the optical 
properties of the processed object (smgle crystal of calcium fluoride) and productivity was 
achieved, 

WAOl A/227263. 2 ' 



Therefore, with the present embodiment, it is possible to obtam a single crystal of 
calcium fluoride with a uniform refractive index and sufficiently small double refraction, which 
can be used in an optical system for photoUthography. Not only is it possible to obtain a single 
crystal of calcium fluoride with a large diameter (0 230 mm or greater) having superior optical 
properties, which can be used in particular for photolithography with a wavelength of 250 nm or 
less, but also productivity can be adequately maintained. 
Fourth Prefcrred Emhodiment 

Using the same device as in the third preferred embodiment, a single crystal of calcium 
fluoride with a large diameter (0 230 mm or greater) having superior optical properties, which 
be used for photoUthography with a wavelength of 250 nm or less, was manufactured by 
ealing calcium fluoride with a size of 0 260 mm x 60 mm, with the following schedule. As 



can 
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shown in Fig. 5, the entire process takes approTdmately 32 days. 

TABLE 5 



Temperature schedule 


Speed of temperature 
change 


Required time 


20 - 1080 "C 


40 °C/h 


27 h 


1080 - 1080 "C 




48 h 


1080 - 750 X 


0.7 X/h 


471 h 


750 to 700 "C 


1 °C/h 


50 h 


700 - 500 "C 


3 "Cfh 


67 h 


500 - 20 °C 


5 °C/h 


96 h 



In other words, with the manufacturing method of the present embodiment, the maximum 
temperature was set to be 1080 °C (first temperature in the range of 1020 to 1 1 50 X) and it was 
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maintained for a designated period of time (48 hours). During the cooling process in the high 
temperature range from said first temperature to 750 ^'C (second temperature in the range of 600 
X to 800 °C or in the range of 700 X to 900 °C), the cooling speed was set to be 0.7 °C/h (1.2 
X/horless). 

During the cooling process m the middle temperature range, from said second 
temperature to 500 ""C (third temperature in the range of 400 "^C to 500 ^^C or in the range of 500 

to 600 °C), cooling was carried out at 1 °C/h (3 ^C/h or less) from 750 °C to 700, and at 3 
^'C/h (3 °C/h or less) from 700 to 500 °C (two-stage cooling process). Then, during the 
cooling process in the low temperature range, from said third temperature to room temperature, 
the cooling speed was set to be 5 °C/h (5 ""C/h or less). 

The double refraction and the uniformity of the refractive index of the manufactured 
single crystal of calcium fluoride were measured. The maximum value of the double refraction 
(in the direction of the axis of light) was 1.9 nm/cm and the off-axis strain (double refraction in 
the off-axis direction) was 5 dm/cm. In addition, the uniformity of the refractive index was An = 
1.4E-6, and the RMS (root mean square) after spherical adjustment was 72E - 4A (X = 632,8 nm). 
It had highly superior optical properties, which can be used for photolithography with a 
wavelength of 250 nm or less (in particular, a wavelength of 200 nm or less). 

In the present embodiment, because the cooling speed during the cooling process in the 
high temperature range has a particularly great effect on the improvement of the optical 
properties of the processed object (single crystal of calcium fluoride), cooling was conducted in 
the high temperature range with sufficient slowness. During the cooling process in the middle 
and low temperature ranges, which has less of such an effect, the cooling was accelerated when 
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the temperature decreased. Therefore, a balance between the effect of improving the optical 
properties of the processed object (single crystal of calcium fluoride) and productivity was 
achieved. 

Therefore, with the present embodiment, it is possible to obtain a single crystal of 
calcium fluoride with a uniform refractive index and a sufficiently small double refraction, which 
can be used for photolithography. Not only is it possible to obtain a single crystal of calcium 
fluoride vnth a large diameter (0 230 mm or greater) having superior optical properties, which 
can be used in particular for photolithography with a wavelength of 250 nm or less, but also 
productivity can be adequately maintained 

In the present embodiment, the cooling process in the medium temperature range had two 
stages (750 ^'C to 700 X: with a cooling speed of 1 'C/h, 700 °C to 500 °C: with a cooling 
speed of 3 °C/h). As described above, as the processed object (single crystal of calcium fluoride) 
becomes larger, it is desirable to change the cooling process in the high temperature and/or 
medium temperature range from a single stage (single cooling speed) to multiple stages (two or 
more cooling speeds). Namely, as the processed object (single crystal of calcium fluoride) 
becomes larger, it is preferable to subdivide the cooling process in the high temperature and/or 
medium temperature range (add one, or two or more cooling processes at a speed that is lower 
than a cooUng speed in a single stage) to the extent that productivity can be suflBciently 
maintained. By having said structure, even if the processed object (single crystal of calcium 
fluoride) is further enlarged, not only is it possible to obtain a single crystal of calcium fluoride 
with a large diameter having superior optical properties that can be used for photolithography 
with a wavelength of 250 nm or less, but also productivity can be sufficiently mjuntained, 
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Second Comparative Example 

Using the same device as in the third embodiment, a single crystal of calcium fluoride 
was manufactured by annealing calcium fluoride with a size of 0 240 mm x 50 mm with the 
following schedule. As shown in Fig 6., the entire process takes approximately 22 days. 



TABLE 6 



Temperature schedule 


Speed of temperature 
change 


Required time 


20- 1080 °C 


40X/h 


27 h 


1080 - 1080 °C 




48 h 


1080 - 900 "C 


0.7 "C/h 


257 h 


900 - 20 X 


5 "C/h 


176 h 



In other words, in the manufacturing method of the present comparative example, the 
maximum temperature of the annealing was set to be 1080 °C and it was maintained for a 
designated period of time (48 hours). Then it was cooled at a speed of 0.7 °C/h to 900 °C. Then 
firom 900 ^'C to room temperature, the cooling speed was set to be 5 °C/h in order to have better 
productivity. 

The double refraction and the uniformity of the refractive index of the manufactured 
single crystal of calcium fluoride was measured. The maximum value of the double refraction 
(in the direction of the axis of light) was 3,9 nm/cm and the off-axis strain (double refraction in 
the off-axis direction) was 1 1 nm/cm. In addition, the uniformity of the refractive index was au = 
3. lE-6, and the RMS (root mean square) after the spherical adjustment was 227E - 4X (A = 632.8 
nm). Therefore, it did not possess optical properties that could be used for photolithography with 
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a wavelength of 250 nm or less. Namely, in the present comparative example, during the cooling 
process in the high temperature range (1080 to 900 °C), which has a very large efifect on the 
improvement of the optical properties of the processed object (single crystal of calcium fluoride) 
due to the cooling speed, cooling was carried out with sufficient slowness, however, the cooling 
after that (900 "C to 20 °C) was so fast that a single crystal of calcium fluoride with superior 
optical properties that could be used for photolithography with a wavelength of 250 nm or less 

could not be obtained. 

As described above, with the present invention, a single crystal of calcium fluoride with 
superior uniformity of the refractive index and a sufficienUy small double refraction, which can 
be used m an optical system for photolithography can be obtained. In particular, a single crystal 
of calcium fluoride with a large diameter (a 230 mm or greater) having superior optical 
properties, which can be used for photolithography with a wavelength of 250 nm or less can be 
obtained. In addition, with the present invention, not only can a single crystal of calcium fluoride 
with a large diameter (a 230 mm or greater) having superior optical properties be obtained, but 
also productivity can be sufficiently maintained. 

With the present invention, calcium fluoride with a small double refraction, which has 
been impossible in the past for a large calcium fluoride of a 230 mm or greater, can be obtained. 
Therefore, calcium fluoride that can be used in practice for photolithography (wavelength of 200 
nm or less) can be supplied. In addition, the uniformity of the refractive index has reached a 
sufficient uniformity. The period of tune required for the anneaUng process is 4 to 5 weeks. 
This period of time is not a problem for production, and costs can be maintained at a minimum. 
It will be apparent to those skilled in the art that various modifications and variations can 
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be made in the manufacturing method for calcium fluoride and calcium fluoride for 
photolithography of the present invention without departing fi*om the spirit or scope of the 
invention. Thus, it is intended that the present invention cover the mbdifications and variations 
of this invention provided they come within the scope of the appended claims and their 
equivalents. 
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